1 -Appropriate massage on the acupuncture points based on Chinese massage therapy is beneficial to the treatment for hypertension. This paper presents a foot massage robot which reproduces the expert techniques of Chinese massage. The robot is mainly consisted of a parallel positioning mechanism which locates the acupuncture points, and a feed mechanism as the endeffector to apply the massage force to the acupuncture points. The kinematics is analyzed and the transformation matrix is given. The massage process and the desired trajectory are briefly introduced. The trajectory planning algorithm is given after analyzing the point to point trajectory and the multipoint trajectory. Simulation results show the trajectory planning algorithm is effective.
I. INTRODUCTION
Nowadays, lots of mid-aged and elderly suffer from hypertension and the prevalence of hypertension in young people is gradually increasing. Chinese massage, which mainly involves manipulating on the patient's body with a series of movements by the physician, has been an effective and practical way to treat the disease. However, Chinese massage is not widely used because of lacking of experienced physicians who are usually taught by the masters hand by hand. Thus, it is promising to develop a foot massage robot which combines Chinese massage therapy with modern robotic technology.
Many researchers in China, America, Japan and other countries have carried out researches on the massage therapy and several massage robots have been developed. Yin and Xu [1] proposed a model of massage robot which achieves five massage techniques. The robot mainly includes a twotranslation guide rail, a 5-DOF manipulator, a 2-DOF parallel mechanism and a crank-rocker mechanism. However, no prototype is reported. Researchers from Shandong Jianzhu University [2] developed a Chinese medical massage robot for the rehabilitation of degenerative disease and chronic disease for mid-aged and aged people. The robot is composed of the lifting platform, massage hands and massage arms. Clinical trials of the lumbar disc protrusion therapy demonstrated the effectiveness of the robot system. A massage robot system This paper has been supported by State Key Laboratory of Robotics, Shenyang Institute of Automation (O8A120G101).
including a massage bed, a positioning platform, a massage end-effector, a visual tracking system and auxiliary devices is presented in 2013 [3] . The robot can perform five key massage techniques. The massage force database based on pain threshold is established. Force control, position control and visual servo control are applied to the control system. Massage experiments are conducted on the patients who suffer from lumbar muscle strain and the result demonstrates the effectiveness of the robot. A multi-finger robot hand for massage is developed in 2009 [4] . The impedance control is adopted to generate a desired dynamical relationship between the motion of the end-effector and the reactive force at the contact region, and human sensation information such as electromyographic signal and skin temperature is introduced into the control system. Researchers from Waseda University [5] proposed a novel rehabilitation robot named WAO-1 to provide massage to maxillofacial region. WAO-1 is composed by two 6-DOF arms with plungers attached at their endeffector. In 2009, they redesigned the arms of WAO-1 and developed the WAO-1R [6] which can provide various massage techniques. The effectiveness of the robot is confirmed by a set of experiments. Other researchers [7] [8] [9] also carried out some researches on massage robots.
Trajectory planning has been researched for several decades and can be classified into two categories, namely Cartesian trajectory planning and joint trajectory planning. Early researches [10] [11] [12] focused on the implementation of motion laws including polynomial trajectories, trigonometric trajectories, exponential trajectories and composite trajectories [13] , and latest researches paid attention to optimal trajectory planning algorithms including minimum time trajectories [14] , minimum energy trajectories [15] , minimum jerk trajectories [16] and multi-criteria trajectories [17] . This paper introduced a foot massage robot based on parallel positioning mechanism. The robot is designed to treat patients suffering from hypertension. Section II describes the robot system and the main mechanisms. The kinematics is given in section III. Section IV presents a trajectory planning algorithm and the simulation is given. Finally, the conclusion is given in section V.
II. MECHANICAL SYSTEM
The mechanical system of the massage includes an outer shell, an inner frame, a foot size measuring mechanism, a parallel positioning mechanism, a set of massage mechanism, and a main control system comprised of motors, sensors, the controller board and the power supply. Fig. 1 shows the overall structure of the foot massage robot. Fig. 1 .
Model of foot massage robot.
A. Parallel Positioning Mechanism
The parallel positioning mechanism is designed to locate the acupuncture point precisely. The mechanism is composed of two DC servo motors, two ball-bearing screw mechanism, two linear motion guides, two sliders and two linkages, as shown in Fig. 2 . In the rest of this paper, the point which is determined by the joint axis of the linkages and the topside plane of the second linkages is called the intersection point if not specified. 
B. Massage Mechanism
The massage mechanism is comprised of the instep massage mechanism and the feed mechanism. The instep massage mechanism is simple in structure and intended for massaging the acupuncture points on the instep. The feed mechanism mounted at the intersection point, includes a motor, a linear motion guide, a slider, a screw pair and a massage tip, as shown in Fig. 3 . The feed mechanism is also called the endeffector. Moreover, a force sensor is placed under the massage tip to measure the massage force. When the robot performs massaging, the feed of the feed mechanism can be adjusted to maintain a constant massage force while the motor of the instep massage mechanism simply rotates. Feed mechanism of massage mechanism.
C. Massaging Process
After the patient lies on the massage bed which is provided by the physician, the physician helps to measure the foot size of the patient through the foot size measuring mechanism. Then, the physician presses the start button on the handle controller and the robot starts to massage with the stored massage therapy. The robot massages the acupuncture points one by one with the given method, and the physician can adjust the massage force through the handle controller to perform a comfortable and effective massage. Finally, the robot ends massaging.
III. KINEMATICS OF ROBOT
The kinematics of the robot can be simplified because the axis of the massage tip of the feed mechanism is perpendicular to the plane determined by the axes of the linear motion guides of the parallel positioning mechanism. The coordinate systems of the robot are established, as seen in Fig. 4 
is the global coordinate system of the robot. The rectangle ABCD is the working space, and a local coordinate system
is used to represent the coordinates of the acupuncture point. OP and OQ are the linkages of parallel positioning mechanism, and the feed mechanism of robot is installed at the intersection point O. EF and GH are the axes of the ball-bearing screw mechanism of the parallel positioning mechanism. Two sliders are represented by the squares in the figure. . The following equations hold:
where 0 L is the distance between the axes of the ballbearing screw mechanism, 0 B is the distance between the line determined by the edges of the sliders when the sliders are in their zero positions and G G O X , 1 sc is the distance between the center point of the slider and EG, and 2 sc is the distance between the center point of the other slider and EG.
It is quite easy to solve the equations above and we can get the forward kinematic equations:
We can also get the inverse kinematic equations of the parallel positioning mechanism using equations (1) and (2):
We can get the displacement of the sliders by simple subtraction:
where L is length of the slider along the axis of the linear motion guide.
The description of the local coordinate system relative to the global coordinate system can be derived:
The massage process of the foot massage robots mainly includes transferring from one acupuncture point to another and massaging a specific acupuncture point with the massage technique determined by the massage therapy. When the massage tip of the feed mechanism moves from one acupuncture point to another, the massage tip is in its zero position to ensure there is no contact between the feet and the massage tip. Meanwhile, the sliders of the positioning mechanism are driven by the servo motors of the mechanism with a set of sequence points generated by the trajectory planning algorithm. When the robot massages a specific acupuncture point, the positioning mechanism cooperates with the feed mechanism. The positioning mechanism performs the transferring between points calculated by the trajectory planning algorithm while the feed mechanism performs the force control to apply the massage force to the feet.
Position control is used when the robot performs transferring from one point to another, and decoupled position force control is used when the robot massages a specific acupuncture point as the axis of the linear motion guide of the feed mechanism is perpendicular to the plane determined by the axes of the linear motion guides of the parallel positioning mechanism. The details and implementation of the force control and the position control are not discussed in this paper, and this paper focuses on the trajectory planning of the parallel positioning mechanism.
A. Geometric Path of the Massage
The parallel positioning mechanism moves from a point to another when the robot performs transferring from an acupuncture point to another or during the massage process of a specific acupuncture point. And an acupuncture is actually an area surrounding a point. Fig. 5(a) shows the geometric path when the parallel positioning mechanism moves from O 1 to O 2 , where O 1 and O 2 are acupuncture points. Fig. 5(b) shows the geometric path when the robot massages the acupuncture point O with a specific massage technique. Firstly, the parallel positioning mechanism moves from O to A. Secondly, the parallel positioning mechanism moves from A to B and then moves from B to A. Thirdly, the parallel positioning mechanism moves from A to C. Fourthly, the parallel positioning mechanism moves from C to D and then moves from D to C. Finally, the parallel positioning mechanism moves from C to A and finishes massaging the acupuncture point O. 
B. Point to Point Trajectory Planning
Trajectory planning from point to point maps the position as a function of time between two specified points. The velocity and acceleration along the trajectory can be computed by differentiating position with respect to time. After choosing a motion law such as cubic polynomial trajectory, we can get the trajectory by solving the equations with a given set of points and constraints.
The time it takes to transfer from one acupuncture point to another is not given in the massage database. We use a simple method to determine the minimum time. Assume the intersection point of the linkages of the parallel positioning mechanism is implemented with the linear segments with parabolic blends (LSBP). The velocity curve of the point is shown in Fig.6 . is the limit acceleration and s is the distance between the two points.
We notice that a collision may exist if the distance between two points is large. Thus, a point to point trajectory is implemented when the robot is massaging a specified acupuncture point because the distance between the points is small. When the robot moves from one acupuncture point to another, the continuous path trajectory is used to avoid a collision because the distance between two points can't be determined in advance.
C. Multipoint Trajectory Planning
When the robot massages a specific acupuncture point, the position control should be used to ensure the massage effect. The motors of the parallel positioning mechanism are controlled by two motor controllers which can receive and execute commands. The main controller generates a set of commands and sends them to the motor controller. When the robot moves from one acupuncture point to another, the position control is also used.
Multipoint trajectory planning is a complicated problem. However, in this application it is simple because the robot moves along the line when it transfers from point to point. The waypoints lie on a straight line which is determined by the start point and the end point.
Assume the start point is , P x y . Notice that the start point and the end point are with respect to the global coordinate system and that a transformation should be used at first. The waypoints are on the following line: > @ After obtaining the trajectory in Cartesian space, we can use the inverse kinematics to calculate the trajectory in joint space and the controller can use the discrete data to control the motors.
D. Trajectory Planning Algorithm
The entire massage process mainly includes transferring from one acupuncture point to another and massaging a specified acupuncture area with the technique given by the doctor. The trajectory is planned in the Cartesian space and the algorithm is as following:
Step 1: Measure the feet size through the foot size measuring mechanism and load the massage therapy data from the memory of the controller.
Step 2: Read the coordinates of next point.
Step 3: Judge the motion mode. If the motion is transferring between two points, go to step 4; if the motion is massaging an acupuncture point, go to step 5.
Step 4: Plan trajectory using the multipoint trajectory planning method and the robot performs transferring from one point to the other. Then go to step 3.
Step 5: Calculate the coordinates of the start point and the end point of a massage path according to the massage therapy.
Step 6: Plan the point to point trajectory and the robot moves from current position to the start point.
Step 7: Plan the trajectory using the multipoint trajectory planning method. The robot performs massaging along the line for certain times determined by the massage therapy.
Step 8: Determine whether another massage path is needed. If there is another massage path, go to step 5; if there is no new massage path, the massage process of the current acupuncture ends and go to step 9.
Step 9: Assign the current position to the start point.
Step 10: Judge whether the entire massage process ends. If it doesn't end, go to step 2; if it ends, go to step 11.
Step 11: Plan a multipoint trajectory from current position to the initial point.
Assume there are two acupuncture points, namely O 1 and O 2 , in the massage therapy, as shown in Fig. 6 The path sequence of the whole massage process is as follows:
massaging for times C P P T P C P C P C P P T P where CP stands for continuous path, PTP stands for point to point path, and m and n are variables determined by the massage therapy.
V. SIMULATION
Following our previous work [18] , we developed the prototype of the foot massage robot, as shown in Fig.8 . Fig. 8 .
Prototype of the foot massage robot.
We created the trajectory planning code in Matlab to test the algorithm and simulated the process of transferring from one acupuncture point to another and the process of massaging a specific acupuncture point with a cross-shaped method. In the simulation, the acupuncture points are with respect to the local coordinate system and the unit is millimeter. Equation (6) is used to transform coordinates of the points in the local coordinate system to those in the global coordinate system. LSBP is chosen as the motion law, and both the acceleration period and the deceleration period account for 10 percent of the duration.
A. Transferring from O
The minimum duration it takes to transfer from O 1 to O 2 is estimated using (7) and the duration is 5.23s in the simulation. The multipoint trajectory is used as obstacle avoidance is needed. The geometric path is obtained before trajectory planning and the motion law is then applied to the path. Simulation results are shown in Fig. 9 . Fig. 9(a) is the displacement curve of the intersection point of the linkages of the parallel positioning mechanism and Fig. 9(b) is the velocity curve. Fig. 9(c) is the displacement curves of the sliders and Fig. 9(d) is the velocity curve of the sliders. 
B. Massaging O 2 with Cross-Shaped Method
Referring to the example in section IV, we first calculate the time duration, as seen in Table. 1. In this simulation, the robot massages the acupuncture point O 2 with the cross-shaped method for one time. We use the trajectory planning algorithm and apply the LSBP motion law to the geometric path. Finally, the motion curves of the robot are obtained, as seen in Fig. 10 . Notice that the actual trajectory of the robot may be different from the planned trajectory when the robot moves from one point to another with the point to point segment. Simulation results show the algorithm can plan the trajectory effectively and the code is migrated to the control system of the robot. Experiments are carried out and the experimental results prove the effectiveness of the trajectory planning algorithm.
VI. CONCLUSION
This paper proposed a foot massage robot based on Chinese massage therapy to reproduce the physician's technique. The robot is mainly consisted of two mechanisms, namely, the parallel positioning mechanism which locates the acupuncture points and the massage mechanism including the instep massage mechanism and the feed mechanism. The kinematics of the positioning mechanism is derived and the transformation matrix through which the coordinates of the acupuncture points are transformed from the local global system to the global coordinate system is given. The trajectory when the robot performs massaging is analyzed and the trajectory planning algorithm for the robot is introduced. Simulation results show the algorithm can effectively plan the trajectory when the robot transfers from one point to another or when the robot massages an acupuncture point with a specified method. Future work focuses on conducting clinical experiments and optimizing the configuration of the robot. 
